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Abstract. The four-spacecraft, magnetic ﬁeld measurements
on Cluster can be combined to produce an accurate determi-
nation of the electric current in the magnetopause boundary
during stable magnetopause crossings. For events that are
planar on the scale of the spacecraft conﬁguration, the thick-
ness of the current layer can be accurately estimated from
its magnetic proﬁle at each spacecraft and the corresponding
boundary crossing times. The latter, give a determination of
boundary motion relative to the Cluster array. We use the es-
timates of all these properties, for a range of spacecraft sep-
aration distances, to show, ﬁrstly, that the estimate of elec-
tric current density is representative even when the spatial
scale of the conﬁguration of Cluster spacecraft approaches
the thickness of the current layer. Secondly, we show that
the estimated current lies in the plane of the boundary and
demonstrate this for crossings occurring during large-scale
ripples on the magnetopause. Thirdly, we show that the mag-
nitude of the current is accurately represented, averaged over
the extent of the current layer, by comparing to the change in
the boundary-parallel magnetic ﬁeld component divided by
the estimated current layer thickness. We demonstrate this
last point using a range of crossings each having a different
thickness and crossing speed, different changes in the mag-
netic ﬁeld component and different current densities.
Keywords. Magnetospheric physics (Current systems;
Magnetopause, cusp and boundary layers)
1 Introduction
Although the magnetopause has been extensively studied for
many years (e.g. Berchem and Russell, 1982; Russell, 1995;
Paschmann et al., 1985, 1986; Phan et al., 1994; Phan and
Paschmann, 1995), direct measurement of the vector current
density has not been possible until the advent of the four
spacecraft Cluster mission (Space science reviews, 1997).
Previous multi-point observations of the magnetopause layer
have primarily arisen from dual spacecraft: ISEE1 and 2
(Russell and Elphic, 1978, 1979) and AMPTE IRM and UKS
(Bryant et al., 1985) measurements, e.g. Elphic, et al. (1988,
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1990, 1995), although estimates of the current density has
been attempted in the past, e.g. Van Allen and Adnan (1992).
The spatial array of Cluster spacecraft also allows the local
geometry of the magnetopause to be determined to a large
degree and so provides a direct comparison of the current
within the boundary layer as it is traversed. The four Clus-
ter spacecraft were launched in pairs on two Soyuz rockets
on the 16 July and the 9 August 2000 and were placed into
eccentric (4 RE×19.6RE), inertial, polar orbits. Through-
out a year, the orbit covers the dayside magnetopause at high
latitude near local noon and low latitude near the dawn and
dusk ﬂanks. The spacecraft ﬂy in an evolving conﬁguration,
which repeats every orbit (apart from minor perturbations),
but which has been changed at intervals during the mission to
cover a large range of spacecraft separation distances (100–
6000km) at the magnetopause. The results presented here,
therefore, havebeenconﬁrmedoveravarietyofspatialscales
and for different locations on the magnetopause.
Individual spacecraft crossing the magnetopause sample
changes in the magnetic ﬁeld across the current layer, which,
in a 1-D geometry, can in principle give an estimate of
the current magnitude in the boundary. These estimates,
however, depend on accurate knowledge of the orienta-
tion and motion of the boundary, in order to obtain posi-
tions within the layer. A number of single spacecraft tech-
niques exist to estimate boundary orientation and motion,
but the four-spacecraft Cluster magnetic ﬁeld measurements
(Balogh et al. 2001) alone have allowed direct determina-
tion of the boundary motion, giving accurate measurement of
the boundary thickness and orientation (Dunlop et al. 2002a).
The local current density (Dunlop et al. 2002b) is also esti-
mated from the four spacecraft magnetic ﬁeld measurements
alone and we directly compare these quantities for a number
of events covering different spatial scales and different geo-
metrical circumstances. A number of related four spacecraft
techniques now exist (e.g. Haarland et al. 2003), making ei-
ther a variety of assumptions or using other measurements,
which can provide additional conﬁrmation of the results or
improvement in accuracy in certain circumstances. Here we
intend to demonstrate the key quantitative result uniquely de-
termined from Cluster magnetic ﬁeld measurements.902 M. W. Dunlop and A. Balogh: Magnetopause current as seen by Cluster
Initially we brieﬂy describe below the magnetic ﬁeld ex-
periment and the key data analysis methods used and then
discuss the results for selected event examples. The inten-
tion in this brief report is to show how rugged are the ba-
sic methods (rather than presenting comparative analysis of
the four spacecraft data); particularly with the virtue of using
only one data set having extremely high accuracy, namely the
magnetic ﬁeld, supported by the high accuracy of the auxil-
iary position data.
2 Measurements and techniques
Theﬂuxgatemagnetometer(FGM)experimentprovideshigh
time resolution magnetic ﬁeld measurements on all four
spacecraft (Balogh et al., 2001) at 22.4Hz (normal mode) or
67Hz (burst mode). The instruments are operating continu-
ously and the data have been ﬁltered and re-sampled onboard
from an internal sampling rate of 202Hz. The data are be-
lieved to be inter-calibrated to at least 0.1nT accuracy over-
all. Here, we employ both spin resolution and high time res-
olution data where appropriate, which has been re-calibrated
to higher accuracy where necessary. The time series data
shown in the plots is at spin resolution.
The discontinuity analyser (DA) technique determines pa-
rameters that describe the motion, geometry and orientation
of discontinuities. The basic algorithm determines bound-
ary normals at each spacecraft crossing point, independently
(using Minimum Variance Analysis (Sonnerup and Cahill,
1967), for example). It is applied here in the case of station-
ary, planar boundaries, where the normals are all found to be
parallel. The boundary orientation and motion can then be
calculated by combining the boundary crossing times with
the spacecraft separation vectors. Because the normals are
determined independently, parallel normals not only imply
a planar geometry over the spacecraft array, but provide mu-
tual conﬁrmation of the boundary orientation (mean normal),
which then allows the boundary motion (vn,an), to be deter-
mined from
rn = v0
nt + 1/2ant2 (1)
where rn = 1rij·n, t = tij, etc. and i,j refer to the space-
craft.
If the motion is constant (an approximately zero), Eq. 1
can be used to compute n/v0
n (after Russell et al. 1983). The
computation of n and v0
n, made by assuming constant veloc-
ity, is referred to as a timing analysis, since it only depends
on the timing of the crossings at each spacecraft. In prac-
tice, application requires identiﬁable, stationary features in
the time series data, usually best viewed in the maximum
variance component of the magnetic ﬁeld. For the case of
well-deﬁned current sheets, this component will suggest a
magnetic ﬁeld rotation over some ﬁnite time interval (traver-
sal time to cross the current sheet). Once any change in ve-
locity has been found, each traversal time through the current
layer can be scaled to a boundary thickness (at each space-
craft).
The ﬁrst application of the curlometer technique has been
reported by Dunlop et al. (2002b). The method combines si-
multaneous, vector magnetic ﬁeld data from each spacecraft
with the spacecraft positions to calculate the curl of the mag-
netic ﬁeld from Amp` ere’s law (giving an estimate of the av-
erage current density through the spacecraft conﬁguration),
using the difference approximation
µ0J · (1ri ∧ 1rj) = 1Bi · 1rj − 1Bj · 1ri

representing : µ0
Z
J · ds =
I
B · dl

,
with 1ri≡ri−r1, and similarly 1Bi≡Bi−B1, giving the
average current normal to each face (1, i, j) of the space-
craft tetrahedron. Since each face is known by 1ri∧ 1rj,
the currents normal to three faces can be re-projected into a
Cartesian co-ordinate system. It is also possible to calculate
an estimate for div(B), from
div(B)|1ri · 1rj∧1rk| = |
X
cyclic
1Bi · 1rj∧1rk|,
which produces non zero values, partially as a consequence
of non-linear spatial gradients neglected in its estimate. This
quantity therefore usefully measures an effect of the linear
approximation and we use it as a monitor of this error.
3 Results
3.1 Establishing the MP current
We ﬁrst demonstrate that the curlometer technique is able
to consistently estimate the magnetopause current using an
example taken from 26 January 2001. The left-hand panel
in Fig. 1 shows the spacecraft conﬁgurations (enlarged by a
factor of 20) along the orbit, which correspond to an out-
bound pass through the dusk-side magnetopause, crossing at
high (∼9.5RE) latitude, as shown. In this Figure (and the
others showing the orbit track) the dots along the orbit are
at hour intervals. The mean spacecraft separation distance
was 600km. These data have been reported by Bosqued et
al. (2001), Pu et al. (2002) and Phan et al. (2003) and exhibit
a key interval of repeated boundary layer crossings as a result
of inward and outward motion of the magnetopause between
10:00 and 11:00 UT (which has a mean thickness of ∼1200
km and mean speed of ∼25 km/s). The right hand plot of
Fig. 1 shows a short segment of the orbit, projected into
X,YGSM, with cuts through a model magnetopause (Sibeck
et al., 1991), which are placed at 10:00 and 11:00 UT so
as to represent the approximate range of positions along the
orbit at which the boundary is sampled. The components
of the estimated current density are plotted along the orbit
(in nAm−2, scaled down by a factor of 10) and show en-
hanced values within this interval and a clear alignment to
the magnetopause orientation. Between 10:00 and 11:00 UT
the current bursts correspond to the repeated encounters withM. W. Dunlop and A. Balogh: Magnetopause current as seen by Cluster 903
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Fig. 1. The analysis of the 26 January 2001. (a) The Cluster orbit
track, projected into the GSM X,Y plane, together with the conﬁg-
uration of the four spacecraft, enlarged by a factor of 20 at intervals
along the orbit. Magnetopause and bow shock curves are shown at
the high of the orbit track and for the observed solar wind pressure,
as indicated. (b) The computed current estimate from the curlome-
ter, projected into the plane along the orbit track (given in nAm−2,
scaled down by a factor of 10). The dashed lines indicate the ex-
treme positions on the orbit within which the magnetopause is en-
countered. The magnetopause moves inward and outward several
times during the interval, resulting in the bursts of current which
are apparent from the projections.
the magnetopause boundary layer, and are directed predom-
inantly in one direction, consistent with a Chapman/Ferraro
current.
The mean current for this interval is: (−7.4, 8.4,
−0.65)GSM, nAm−2. The overall variance in this mean cur-
rent direction for all the crossings is ∼14deg. When the vari-
ation of the current vector is calculated only over the period
of each crossing for which the magnitude is more than 60%
of the peak current the vectors are aligned to <5deg. More
detailed analysis of the individual crossings (not included
here for this event, but see below for other passes) shows
thattheslighttiltingofthecurrentdirectionsfromcrossingto
crossing are consistent with corresponding tilting of the local
magnetopause direction, which then accounts for the size of
the variance calculated above. In contrast, enhanced values
of current after 11:00 UT, correspond to a train of FTE (ﬂux
transfer event) signatures, associated with the occurrence of
extensive reconnection during the event (Phan et al., 2003)
and exhibit a variety of orientations. The mean current for
thislaterintervalis: (0.06, −0.07, −0.9)GSM, nAm−2, which
is an order of magnitude lower and directed along ZGSM (the
mean ﬂux tube direction), rather than the plane of the mag-
netopause.
3.2 Orientation to MP ripples
Figure 2 shows a second event, which occurred as the space-
craft were at apogee in the dawn ﬂank magnetosheath, near
the equatorial plane. Figure 2b shows a schematic of the
boundary motion, superimposed onto the orbit which is
shown projected into the X,YGSM plane and in the same for-
mat as Fig. 1. In this case the spacecraft conﬁgurations have
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Fig. 2. The analysis of the 11 June 2001, showing (a) a plot of the
curlometer estimate of GSM components of the current (top three
panels), the estimate of div(B) and the total magnetic ﬁeld from all
four spacecraft to show the pairs of crossings to and from the mag-
netosphere, and (b) the orbit track and spacecraft conﬁguration pro-
jected into GSM together with a schematic of the boundary ripples
implied from the DA analysis.
been scaled by a factor of 5 and the mean separation dis-
tance is ∼2000km. The DA analysis suggests that a series of
surface ripples on the magnetopause move tailward past the
spacecraft array in the manner indicated, taking them fully
into the magnetosphere on each occasion. The lower panel in
Fig. 2a shows the multi-spacecraft, magnetic ﬁeld magnitude
where the transitions from a quiet, 20nT magnetospheric
ﬁeld to a low, ﬂuctuating magnetosheath ﬁeld are marked
by the dashed lines. The magnetopause orientations fall into
pairs for inward/outward crossings, represented by the green
and blue vertical dashed lines on the plot in Fig. 2a, re-
spectively, and match the two distinct boundary orientations904 M. W. Dunlop and A. Balogh: Magnetopause current as seen by Cluster
Date UT MP λ 2/λ 3 <nGSE> <Vn> ntiming Vtiming JGS |J| ∆Β ∆ D1 ∆ D2 ∆ D3 ∆ D4
11/06/2001 20:06:30 1-out 15.3 0.27 -0.94 0.19 120 0.03 -0.83 0.56 61 8 3 -4 10 18 1214 1244 1214 1171
1-in 9.0 0.70 -0.62 -0.36 -104 0.22 -0.95 0.22 -45 8 6 -2 10 19 1297 1380 1331 1438
20:11:00 2-out 5.0 0.46 -0.88 0.13 155 -0.16 -0.82 0.55 106 8 3 -4 10 19 1514 1492 1420 1448
2-in 5.7 0.66 -0.73 0.21 -74 0.68 -0.48 0.55 -106 9 7 -4 11 23 1088 1031 1154 1120
20:14:00 3-out 7.7 0.07 -0.99 0.15 32 0.34 -0.94 0.04 71 11 4 -5 13 25 1228 1545 1412 1358
3-in 4.8 0.79 -0.61 -0.10 -165 0.43 -0.88 0.19 -97 8 7 -2 10 17 1002 1008 1029 1030
05/07/2001 05:24:00 mp 11.0 0.53 -0.84 -0.11 -111 0.41 -0.81 -0.41 -89 5 -20 -15 27 59 751 595 551 710
05:35:00 mp 3.0 0.36 -0.84 0.41 20 0.43 -0.87 0.25 17 24 -26 -18 40 55 274 291 299 318
05:45:00 mp 6.0 0.64 -0.76 -0.11 -22 0.53 -0.82 0.19 -44 14 -30 -25 40 63 450 391 415 481
06:06:00 mp 7.8 0.28 -0.85 0.44 11 0.24 -0.82 0.52 11 22 -22 -15 35 51 344 356 367 350
06:23:00 mp 3.7 0.61 -0.78 -0.03 -23 0.54 -0.83 0.17 -41 13 -17 -16 25 53 836 761 761 867
'in' and 'out' refer to entry and exit from the cusp region respectively. Vn refers to component along the normal directions quoted.
Table 1. Summary of the boundary analysis for crossings from two days, giving the boundary normals (n) and speed from both the DA and
timing analysis, the curlometer (current in nAm−2) and the thickness (1D in km) for each event. Magnetic ﬁeld is given in nT and velocities
in km/s. The boundary normals are unit vectors.
“in” and “out” refer to entry and exit from the cusp region respectively. Vn refers to component a long the normal directions quoted.
shown in Fig. 2b. The boundary normals are depicted by the
blue arrows shown in Fig. 2b (which represent their mean
orientations) and have small ZGSM components. The cross-
ings are irregular and show a different velocity projection, at
each spacecraft, along the boundary normals for the cross-
ings. This motion together with transit times through each
current layer encounter (measured from the turning in the
maximum variance component of the ﬁeld) can be used to es-
timate boundary thickness (see below in Table 1), but repre-
sents a projected tailward motion along themagnetopause for
each crossing. The value of divB is also included in Fig. 2a
to show that the value is low (∼15%) at each crossing.
The other panels in Fig. 2b from bottom to top show re-
spectively the estimate of div(B) and the GSM components
of curl(B), JX,Y,Z. Although the spacecraft separation dis-
tances are slightly larger than the estimates of boundary
thickness (see Table 1), it appears that the current density
is still adequately sampled through each crossing to vindi-
cate its direction. In fact, the direction of the current main-
tains its alignment to the magnetopause orientation as it tilts
from crossing to crossing. This can be seen from the com-
ponents of curl(B), which change from crossing to crossing.
The JX component is maintained for the majority of cross-
ings, whereas the JY component changes so that the majority
of the inward crossings (green dashed lines, taking the space-
craftbackintothemagnetosheath)havelargervaluesthanthe
outward crossings, which tend to have small JY components.
This follows the orientations indicated for the geometry of
the ripples (as shown by the arrows in Fig. 2a). The JZ com-
ponent is less signiﬁcant for magnetopause alignment since
the normals lie nearly in the X,YGSM plane. Thus, even for
this event, where the magnetopause current layer is poorly
matched in scale to the spacecraft separation, the curlometer
is giving a good estimate of direction.
3.3 Scaling of the current density
Figure 3 shows a further series of magnetopause crossings
from a third event. The Cluster orbit skirted the dawn ﬂank
magnetopauseduringthisday, maintainingapositionrelative
to the boundary, which moved from high to low-latitudes (as
shown in Fig. 3a). This location provided a number of mag-
netopause crossings for a large fraction of the day and the in-
terval shown in Fig. 3b represents a few crossings from this
set. The ﬁgure shows the magnetic ﬁeld in the top four panels
and the curlometer estimate in the bottom three, all in GSM.
Distinctfromthepreviouseventandgiventhespacecraftsep-
arations and estimated motion determined from the DA tech-
nique, these crossings represent small amplitude (<1RE),
inward and outward motions of the magnetopause, provid-
ing a sequence of crossings with almost parallel orienta-
tions. The bursts of current in the lower three panels reﬂect
thiscommonorientationbymaintainingacommondirection,
aligned to the magnetopause plane. It should be noted how-
ever, that in this event the scale size of the boundary layer
is smaller compared to the cluster separation distance (see
below) and we expect a less close quantitative comparison
between the current magnitude and direction. The current
signature shows both slow crossings, where the spacecraft
array remains in the current layer for longer so that the en-
hanced value of curl(B) remains for minutes, and fast cross-
ings, where the curl(B) proﬁle shows a short spike.
These slow and fast crossings are listed in Table 1, as in-
dicated by their mean velocities. Table 1 quantiﬁes the re-
sults and summarises both the last event and a selected set
of crossings from 5 July 2001, which have been analysed in
detail, and shows the estimated thickness of the current layer
for each crossing, together with the current density estimates.
The columns show respectively the event times, the crossing
label (referring to “in” and “out” for the dashed lines in Fig. 2
and to “mp” for the dashed lines in Fig. 3). From left to right
the remaining columns show: the mean MVA normal and
velocity (in km/s) from the DA technique; the correspond-
ing timing normal and velocity (in km/s); the average current
across the current layer, estimated from the curlometer (in
nA/m2); the change in the maximum variance component of
the magnetic ﬁeld across the magnetopause (in nT), and theM. W. Dunlop and A. Balogh: Magnetopause current as seen by Cluster 905
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Fig. 3. The analysis of the 5 July 2001. (a) The orbit track projected
into GSM for the whole day, together with cuts through the magne-
topause at the heights and solar wind pressure indicated. (b) A plot
of the four spacecraft magnetic ﬁeld data (top four panels) and the
GSM components of the current estimate (lower three panels), for
a short interval containing a few of the magnetopause crossings ob-
served on this day.
estimated thickness of the current layer at each spacecraft
from the DA technique (in km). The timing normals, shown
for comparison, assume constant velocity, which is often not
true for these crossings. Consequently, they highlight the
sensitivity in the DA analysis to compute boundary motions,
and therefore the scaling of the current thicknesses. These
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Fig. 4. A scatter plot of the results in the table, showing the esti-
mated magnetopause current (1B/1D) against the curlometer cal-
culation (J).
estimates, however, show good stability for all the crossings
shown.
The results conﬁrm that the thickness of the current layer
is effectively constant while being sampled by the spacecraft
array, the small variations being within the estimated errors.
This thickness can be used to compute an average current
density in the magnetopause from 1B/1D, where 1B and
1D are taken from Table 1. This can then be compared to
µ0|J|. For each crossing, the variation of the current follows
this ratio within 15% uncertainty (worst case). Moreover, the
estimate of the current vector lies nearly perpendicular to the
DA-normals also shown in the table and therefore lie paral-
lel to the magnetopause boundary, to within the same uncer-
tainty. The tilting of the boundary ripples in the ﬁrst event, in
particular, can also be seen in both the current vector and the
DA-normals. We do not expect such close quantitative agree-
ment in the case of the second event where the relative scale
size of the boundary is smaller (thinner), but although the
errors appear to be larger, there is evidence that the scaling
of the curlometer current follows that of 1B/1D as before.
These quantitative results can be read off the proﬁles ob-
served in Fig. 3, in particular, where the 1B clearly changes
from crossing to crossing, reﬂecting, mainly, the changing
1D. The mean currents for each of the crossings indicated
by the dashed lines are given in Table 1. The variance in
these currents is <0deg, reﬂecting the less accurate calcula-
tion of the curlometer in this case. Figure 4 shows a scatter
plot of the results given in Table 1, and compares the two
estimates of current from the curlometer and 1B/1D (mag-
netopause current), with appropriate scaling for the thickness
estimates. The values of magnetopause current for the higher
current values can be seen to be slightly over estimated.
4 Conclusions
We have shown that the magnetic ﬁeld measurements on
Cluster can produce a realistic determination of the electric906 M. W. Dunlop and A. Balogh: Magnetopause current as seen by Cluster
current density at the magnetopause, even where the scale
size of the Cluster conﬁguration approaches that of the
current layer thickness, using a series of planar magne-
topause crossings with signiﬁcant shear. The vector current
densities have been shown to lie in the plane of the magne-
topause boundary (to within 15%), even during times of in-
duced motion and large-scale surface ripples. This is the ﬁrst
time that in situ measurements have directly measured the
magnetopause current. These results have depended upon
ﬁrst accurately determining the orientation and thickness of
the current layer, using the four spacecraft DA technique.
In combination with the curlometer estimate of curl(B), the
current proﬁles have been shown to compare well to the
meancurrentdeﬁnedbytheoverallmagneticshearacrossthe
boundary layer. The thicknesses determined here, for a num-
ber of crossings from the three passes, vary between 300–
1500km (see Table 1), which is comparable, for each pass, to
the estimated range of ion gyroradii. The corresponding cur-
rent densities range from ∼9 nAm−2, for the thickest bound-
aries, to ∼40nAm−2, for the thinnest. The magnetopause
crossing speeds (not shown here) ranged from ∼10–30km/s
(at the location near local noon) to ∼100–150km/s (at the
dawn ﬂank location).
Knowledge of the boundary orientation and motion in
principle allows a mapping of time to spatial location in the
current layer (through: δx=vnδt, if x lies along the bound-
ary normal). This allows the current density to be compared
to the magnetic ﬁeld change with distance through the layer.
For example, the current estimates shown in Figs. 1–3 all
show simple peak-proﬁles though each encounter with the
magnetopause. Some correspond to fast (sharp) crossings
and some to slow encounters. Given the velocity estimates
from the DA technique at each spacecraft (vn), the change
in the magnetic ﬁeld component with time through the mag-
netopause can therefore be related to distance through the
boundary layer, and hence to the current proﬁle (since:
vnµ0|J|=δB/δt). This information is limited, of course by the
relative scale size of the Cluster array and changing velocity
at each spacecraft, since the curlometer gives a mean current
estimate over the whole spacecraft volume. Future work is
underway which explores the use of the average ﬁeld over
the four spacecraft in this context and using selected cross-
ings at small spacecraft separations and constant boundary
motion.
It is also the subject of further studies to investigate, us-
ing these tools, the dependence of the current layer on both
magnetopause location and external conditions in the adja-
cent magnetosheath. For example, one event here (26 Jan-
uary 2001) has corresponded to a very active period of re-
connection (Phan et al. 2003) with an established plasma
boundary layer, whereas the other events do not. The two
ﬂank events (11 June 2001 and 5 July 2001) are in contrast
since in the ﬁrst case the magnetopause thickness appears to
be relatively stable from crossing to crossing, whereas in the
second it varies. Moreover, in the ﬁrst event, the electron
and ion data (not shown here) indicate that a boundary layer
appears to be absent.
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